The charge-assisted complexes between PH 3 X + and PH 2 X have been analyzed.
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Introduction
There are numerous studies on hydrogen bonds due to their role in chemistry and biology, especially in proton transfer reactions, crystal engineering and various life processes. 1, 2, 3, 4, 5 Similarly, the role of other non-covalent interactions has also been analyzed. 6, 7, 8 Amongst such interactions are the halogen, 9,10,11,12 chalcogen, 13, 14, 15 pnicogen, 16, 17, 18, 19, 20, 21, 22 and tetrel 23, 24, 25, 26, 27, 28, 29, 30 bonds, where atoms from the 17 th to the 14 th group of the periodic table act as Lewis acid centers. This is surprising since these atomic centers are usually classified as electronegative. However, it should be considered that their atomic surfaces are characterized by negative and positive electrostatic potential regions; the positive regions implying Lewis acid properties. 31, 32, 33, 34 It was proposed that these interactions should be named σ-hole bonds, since the region of the positive electrostatic potential corresponds to a σ-hole, i.e.
to the depletion of the electron charge density on the extension of one of the covalent bonds to the atom playing the role of the Lewis acid center. 35, 36, 37, 38, 39 In this study we deal with the pnicogen bond which has been recognized as a new and important type of intermolecular interaction. 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59 A pnicogen bond is the one in which the pnicogen centre (N, P, As, Sb) acting as the Lewis acid interacts with a Lewis base. There are experimental and theoretical evidences of the existence of this kind of interaction. In one of the first studies on this topic, the interactions in the crystal structures of three phosphanyl derivatives were analyzed and short N···P intramolecular distances were detected and attributed to weak N→P dative bonds. 17 A short intramolecular P···P distance found in the crystal structure of 1,2-(diphenylphosphino)-1,2-dicarba-closo-dodecaborane 16 was confirmed to be attractive using B3LYP/6-31G(d) calculations and NBO analysis (P lone pair → σ PC * donor-acceptor stabilizing interaction). Hey-Hawkins and coworkers have also analyzed pnicogen bonds 40 and they claimed that these interactions have a comparable strength to hydrogen bonds and should be considered as a new molecular linker.
Furthermore, single electron pnicogen bonds were analyzed theoretically by means of MP2 and CCSD(T) methods in complexes of monosubstituted phosphines (XH 2 P) and the methyl radical. 60 Two configurations corresponding to energetic minima were found for each XH 2 P-CH 3 complex; the first one is characterized by short P···C distances and large interactions energies, while the second one has long P···C distances and weak interactions typical for the other kind of pnicogen bonded complexes, with interaction energies between -9.8 and -3.7 kJ·mol -1 .
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Different theoretical methods were applied to analyze pnicogen bonds; the ab initio calculations are often performed and supported by the analysis of the molecular electrostatic potentials, the Natural Bond Orbitals (NBO) method 61, 62 as well as the Quantum Theory of 'Atoms in Molecules' (QTAIM) approach. 63, 64, 65 Recently, the possibility of using the Laplacian of the electron density to better understand the nature of pnicogen bond was described. 66 These authors used the distribution of the Laplacian of the electron density to investigate P···P, P···N and N···N pnicogen bonds showing that for these interactions a region of charge depletion and excess of kinetics energy (hole) of the pnicogen atom combines with a region of charge concentration and excess of potential energy (lump) of another species. Thus, the pnicogen bonds may be described in terms of lump-hole interactions.
Important also are the reports by Scheiner who compared such Lewis acidLewis base interactions as the pnicogen, chalcogen, halogen and hydrogen bonds. 67, 68 He has pointed out that although these interactions are of comparable strength, they are reinforced by the presence of an electronegative substituent on the Lewis acid centre and also they are reinforced as we move down the appropriate column of the periodic interaction accompanying the increase of the atomic number of the Lewis acid centre in the same group of the periodic system is a result of the increase of the σ-hole and, consequently, of the positive electrostatic potential of this centre. 18, 35, 36, 37 The ability of ZH 4 + , ZH 3 F + and ZF 4 + cations (Z = N, P or As) to form hydrogen bonds or pnicogen bonds with hydrogen cyanide and its lithium derivative was analyzed. 69, 70 It was found that for the NH 4 + ion the N-H···N hydrogen bond is formed while for the heavier Z-centers or the ZFH 3 + fluorinated ions, Z···N σ-hole (or pnicogen) bonds are formed. However for some cations two configurations are possible; one linked through the hydrogen bond and the second one through the Z···N pnicogen bond.
In the present article, complexes formed by protonation of (PH 2 X) 2 dimers have been studied. The characteristics of these complexes have been compared with the corresponding neutral ones. There are at least two reasons to analyze such complexes: i) the protonated dimers may be linked through the pnicogen bond as well as through the
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Physical Chemistry Chemical Physics Accepted Manuscript hydrogen bond; ii) one can expect stronger interactions for the protonated dimers than for the neutral analogues since it was described in the former studies that the interactions, especially hydrogen bonds, are strengthened by charge assistance. 71, 72, 73 As could be expected by the Coulomb's Law the electrostatic interaction energy increases for charge assisted complexes in comparison with the neutral analogues, however the other attractive terms increase simultaneously.
37,73
Computational Methods
The calculations were carried out with the Gaussian09 set of codes 74 using the secondorder Møller-Plesset perturbation theory (MP2), 75 and the aug'-cc-pVTZ basis set. 76 This basis set is composed by the Dunning aug-cc-pVTZ bases for the heavy atoms and the cc-pVTZ one for H-atoms. Frequency calculations have been carried out at the same computational level to confirm that the obtained structures correspond to energetic minima. The binding energies were calculated as differences between the energy of the complex and the sum of energies of the isolated monomers in their minima configuration thus the deformation energy being the effect of complexation process is included. The inherent Basis Set Superposition Error (BSSE) has been estimated with the counterpoise method 77 and added to the uncorrected binding energy.
The Quantum Theory of 'Atoms in Molecules' (QTAIM) 63, 64, 65 was also applied to analyze critical points (BCPs) in terms of the electron density (ρ BCP ), its Laplacian (∇ 2 ρ BCP ) and the total electron energy density at BCP (H BCP ); the latter may be decomposed into the potential electron energy density (V BCP ) and the kinetic electron energy density (G BCP ). The QTAIM calculations were performed with the use of the AIMAll program. It was found that for the X = H, F, OH, CCH, CH 3 and Cl substituents, the most stable protonated system corresponds to that with the hydrogen atom attached to the phosphorus atom while in the case of X = NH 2 , CN and NC the protonation on the X groups provide more stable cations (see Table 1 ). Since our interest is the study of systems protonated on the phosphorous atom, the latter set of X substituents is not considered here any more. The experimental proton affinities (PA) are available only for the PH 3 and PH 2 CH 3 molecules. In both cases, the differences between calculated and experimental results do not exceed 2 kJ·mol -1 (Table 1) . This agreement between experimental and theoretical results show that the choice of the MP2/aug'-cc-pVTZ level to further analyze the protonated dimer phosphines, PH 3 X + :PH 2 X, is the proper one. Table 1 . Proton affinity and relative energy (kJ·mol -1 ) of the different protonated species. Experimental values in parenthesis. 89 The P and X columns correspond to the protonation at the P and X centers. The last column (∆E) is the difference between P and X proton affinities. The maximum positive electrostatic potential values on the P-centre for PH 4 + and its derivatives are listed in Table 2 . In all cases, the positive region associated with the elongation of H-P bond shows less positive value than the σ-hole region associated with the elongation of the X-P bond. One can expect the strongest acidic properties of the phosphorus centre for the PH 3 F + cation complexes and the weakest ones for the PH 3 CH 3 + cation complexes based on the electrostatic potential values. It is interesting that for all cations listed in Table 2 , the phosphorus atom is a stronger Lewis acid centre than the attached hydrogen atoms since a greater electrostatic potential is detected for the P-centre than for H-atoms. It suggests preferences to form P···P pnicogen bonds than to form P-H···P hydrogen bonds in the PH 3 X + -PH 2 X systems.
Results and Discussions
Protonated phosphines
PH 3 X + :PH 2 X complexes -geometry and energy
Initially, two types of complexes have been tested: those with a P···P interaction (I in Scheme 2) and those linked through a P-H···P hydrogen bond (II in Scheme 2). In all cases, the complexes with P···P interaction correspond to local minima. However, only
Page 8 of 30 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript in three cases hydrogen bonded complexes have been located, those for X = H, CH 3 and OH-A; in the remaining cases (X = F, Cl, OH-B and CCH), the optimization evolves towards a pnicogen bonded complex with a P···X interaction (III in Scheme 2).
However, in few cases of configuration III, the P···X pnicogen bond can be accompanied by additional P-H···P hydrogen bond interactions. This will be discussed later on. The formation of the P···P pnicogen bonds for all cations is, at least, partly a consequence of the most positive electrostatic potential associated to the P-atom (Table   2 ); for the less positive potential of the H-atoms, only in few cases the hydrogen bond is formed, as was discussed in the previous section. It is interesting that in the case of configuration I, for X = H and CH 3 , the substituents in the P atoms are eclipsed while in the remaining configurations linked by the P···P interaction they are alternated. The PH 3 CCH + :PH 2 CCH complex is an interesting case since two configurations were found to correspond to energetic minima, i.e. the pnicogen bonded complex linked through the P···P interaction (I) and the complex attributed earlier here to the configuration III. However, in the latter case two links are observed, the link corresponding to the P-H···P hydrogen bond analogous to those of configuration II and the pnicogen bond between the P-centre of PH 3 CCH + and π-electrons of the acetylene substituent in the PH 2 CCH moiety. The molecular graph of this structure is shown on the right side of Fig. 1 and one can see bond paths with bond critical points (BCPs) corresponding to the links described above, H···P and P···π (π corresponds here to the BCP of the C≡C bond of the acetylene substituent). Note that there are additional structures corresponding to local minima associated to the Configurations I, II and III presented in Scheme 2. However these structures are less stable (they are characterized by higher energies) than those chosen and analyzed here.
The complexes analyzed in this study resemble to those between X=PH 3 and phosphorus and nitrogen bases published by some of us.
90 Table 3 . Interatomic distance (Å) of the PH 3 X + :PH 2 X complexes. Table 4 ). Table   S1 of the Supporting Information material). Table 5 It has been stated that the negative value of the total electron energy density at BCP, H BCP , confirms the covalent character of the corresponding interaction. 104, 105, 106 This was particularly studied for hydrogen bonds and justified that the hydrogen bonds characterized by a negative H BCP were classified as the strong interactions possessing some covalent character. 80, 97 Table 5 shows negative values of the total electron energy density at P···P BCP, H PP , for more electronegative substituents while for CH 3 , H and CCH the H PP value is close to zero. One can also see that the most negative values of H PP correspond to the stronger interactions (see binding energies in Table 4 ) and to the greater values of ρ PP (Table 5) . In the case of O and Cl atoms connected with the P-atom playing the role of the Lewis acid centre, the orbital-orbital interactions are much stronger than in the case of X = H or C (Table 6 ). This is partly related to the σ-hole, i.e. the depletion of the electron charge in the elongation of X-P or H-P bond. Note that the positive electrostatic potential at P-atom is greater for more electronegative F, Cl and OH substituents than for the remaining ones (Table 2) . Also the electron charge shift from the Lewis base to the Lewis acid unit (designated as transfer in Table 6 ) is much greater for the mentioned above more electronegative substituents than for the remaining H, CH 3 and CCH ones.
For the complexes in configuration I, an exponential relationship between the P···P distance and the electron charge transfer has been found with a correlation coefficient
On the other hand, for configurations I, there is an excellent linear correlation (R 2 = 0.98) between the energy corresponding to the n(P) → σ PX/H * interaction (Table 6) and ρ PP (Table 5) as well as between the charge transfer (Table 6 ) and ρ PP where the linear correlation coefficient R 2 is equal to 0.97. This means that ρ PP for the systems analyzed here is a good indicator of the local atom-atom interaction (P···P) as well as that it refers to the energies related to the electron charge shift. The latter energies are often attributed to the covalency of interaction.
78
A different situation is observed for the complexes linked through a P-H···P hydrogen bond. For II complexes, the electron charge shift amounts to ~0.08 au (Table   6 ), less than most of the cases of the P···P pnicogen bonds (I) discussed earlier. The n(P) → σ PH * overlap energy for this group of complexes (II) amounts ~60 kJ·mol 
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more than the n(P) → σ PH(Cl) * energy for all complexes linked through P···P pnicogen bond. It is worth mentioning that the n(P) → σ PH * overlap attributed to the hydrogen bond interaction is detected for some complexes classified as configuration III (Table   6 ). However the corresponding energy is equal here to 5.9, 5.3 and 14.6 kJ·mol -1 for Cl, OH and CCH substituents, respectively. It is much lower than for the species linked only through the hydrogen bond.
The configuration III corresponds formally to the X···P interaction previously mentioned. However based on the NBO analysis this is only true for the PH 3 F + :PH 2 F complex, where other interactions are not detected (there is only one intermolecular P···F bond path for this complex). In this case, the electron charge shift to the Lewis acid is the lowest one among the complexes classified as configurations III (Table 6 ).
This is probably connected with the fact that the fluorine centre is usually classified as a . However in the latter case, the P-H···P hydrogen bond is probably a stronger interaction than the pnicogen bond.
These results justified that the P···P and P···X pnicogen bonds attributed to configurations I and III should be classified as σ-hole bonds. It was stated earlier that also hydrogen bonds probably belong to this class of interactions. 8, 114 It was shown that for the σ-hole bonds as well as for the hydrogen bonds there is an electron charge shift for the system playing the role of the electron acceptor. However, it was shown that the nature of such shift in the case of the hydrogen bond is different than in the case of the σ-hole bonds. 115 This is why the pnicogen and hydrogen bonds possess distinct characteristics.
PH 3 X + :PH 2 X complexes -DFT/NEDA decomposition of the energy of interaction
The DFT/NEDA decomposition of the interaction energies has been gathered in Table   7 . For the P···P pnicogen bonded complexes (configuration I), the energy terms attributed to the electron charge shift (CT and POL) are attractive and more important
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Physical Chemistry Chemical Physics Accepted Manuscript than the electrostatic contribution (ES). The XC term related to the other effects, among them to the correlation energy, is the less important attractive term for P···P pnicogen bonds as well as for all other interactions (P···X and P-H···P). It was shown in the previous sections that the electron charge transfer for P···P interactions is greater for species with more electronegative substituents (F, Cl, OH) than for the complexes where X = H, CCH and CH 3 . Note also the differences in the For configuration II, presenting a P-H···P hydrogen bond, the order of the importance of the attractive terms is: CT > ES > POL > XC. Thus, the electrostatic contribution for the hydrogen bond is more important than for the P···P interaction.
However, this last ranking is based on three configurations where the only intermolecular link is due to the hydrogen bond. For the complexes in configuration III, The first difference between these two sets of complexes is the disposition of the groups attached to the interacting phosphorous atoms (Figure 4 ). In the neutral dimers, the groups attached to the P atom are pointing outside the interacting region. In contrast, in the protonated complexes the groups of the protonated phosphine points towards the interacting region. Thus, while no direct stereo-electronic interactions between the groups attached in the neutral complexes are expected, the opposite should happen in the protonated complexes. The intermolecular P-P distances for the protonated and neutral complexes have been gathered in Table 8 . The first interesting feature if that the protonated complexes with X = F, Cl and OH show larger distances than the corresponding neutral ones while for X = CCH, CH 3 and H, the opposite happens. However, a linear correlation is obtained when the distance between the two set of complexes are compared (R 2 = 0. 94) as indication that the effect of the substituents are similar in both families of complexes.
In order to deepen the analyses of the complexes, some mixed complexes have The uncorrected binding energies of the protonated and neutral complexes are gathered in Table 9 . In all cases, the protonated complexes are more stabilized than their neutral counterparts. The analysis of the mixed complexes, shows that in the neutral case the binding energy is approximately the average of the one of the corresponding neutral dimers while in the protonated ones, the protonated molecule determines the approximate value of the binding energy like in the case of the intermolecular distances. The charge transfer and NBO second order energy stabilization of the neutral and protonated complexes have been gathered in Table 10 . The neutral (PH 2 X) 2 dimers present C 2h symmetry and consequently no net charge is transferred from one monomer to the other. In the case of the mixed ones, the binary complex studied here [PH 3 :PH 2 F], a small charge transfer is observed from the PH 3 molecule towards the PH 2 F. Thus, the latter presents a -0.039 e net charge. In the case of the protonated complexes, an important charge transfer is observed from the neutral molecule towards the protonated one. The NBO second order perturbation analysis of the (PH 2 X) 2 dimers present two degenerate orbital charge transfer from the lone pair of the P atom of one molecule towards the σ* P-X of the other or the interaction of the lone pair of one molecule towards the σ-hole of the other. 116 In the case of the PH 3 :PH 2 F binary complex, the two orbital charge transfer are observed but in this case the stabilization due to the PH 3 (lp)
→ σ* P-F is larger than the PH 2 F (lp) → σ* PH (58.3 vs. 16.5 kJ·mol -1 ). In the case of the protonated binary complex, the orbital charge transfer is only from the lone pair of the neutral molecule to the σ* P-X one. The values of the energy stabilization follow the same trend vs. the P···P interatomic distance as shown in Fig. 5 . ) vs. the P-P interatomic distance (Å). Empty and full squares corresponds to the neutral and protonated complexes, respectively.
The topological analysis of the electron density of both neutral and protonated complexes in configuration I shows the presence of a bond critical point and its associated bond path linking the two phosphorous atoms (see for instance Fig. 1 and 4 ).
The representation of the values of the electron density at the P-P bond critical point vs.
the interatomic distances shows a similar tendency for the values obtained from the neutral or the protonated complexes (Fig. 6 ). Fig. 6 . ρ at the P-P BCP (au) vs. the interatomic distance (Å).
Conclusions
The PH 3 X + :PH 2 X complexes have been analyzed and compared with the (PH 2 X) 2
analogues. It was found that the cations are linked through stronger P···P pnicogen bonds than the neutral complexes. Thus, positive charge assistance enhances the strength of interaction for pnicogen bonded complexes, similarly as it was found in studies of hydrogen bonded species. [71] [72] [73] Additionally, for PH 3 X + :PH 2 X complexes, linked through P···P or P···X pnicogen bonds or through P-H···P hydrogen bonds, different configurations were analyzed. The P···P interactions are much stronger than the P-H···P counterparts, and for all species the configurations with P···P contacts corresponding to the energetic minima are created while only in few cases there are P-H···P bonded configurations of minimum energy. All energetic, topological and geometrical parameters show that the pnicogen bond is favorable compared with the hydrogen bond for the PH 3 X + :PH 2 X complexes considered here. Even the nature of P···P and P-H···P interactions is different. For the previous pnicogen bonds, the order of attractive interaction energy terms is CT > PL > ES and XC, while for P-H···P it is CT > ES > PL and XC. Thus, the electrostatic interaction is a more important attractive term for the hydrogen bond than for the pnicogen bond.
It is also shown here that the characteristics of the P···P bond critical point related to the pnicogen bond correlate with the interaction energy terms, which are usually attributed to the electron charge shift that results of the complexation. This statement is supported, for example, by the linear correlation between the electron density at P···P BCP, ρ PP , and the charge transfer energy as well as by the lack of correlation between the binding energy and ρ PP .
The comparison of the properties of the neutral (PH 2 X) 2 and the protonated PH 3 X + :PH 2 X dimers shows some similar features (behaviour of the electronic properties, NBO and AIM, with the P-P distance) but other differences (geometrical disposition, geometric and energetic dependence of the substituents).
